Abstract Magnesium and calcium phosphates composites are promising biomaterials to create biodegradable load-bearing implants for bone regeneration. The present investigation is focused on the design of an interpenetrated magnesiumtricalcium phosphate (Mg-TCP) composite and its evaluation under immersion test. In the study, TCP porous preforms were fabricated by robocasting to have a prefect control of porosity and pore size and later infiltrated with pure commercial Mg through current-assisted metal infiltration (CAMI) technique. The microstructure, composition, distribution of phases and degradation of the composite under physiological simulated conditions were analysed by scanning electron microscopy, elemental chemical analysis and X-ray diffraction. The results revealed that robocast TCP preforms were full infiltrated by magnesium through CAMI, even small pores below 2 lm have been filled with Mg, giving to the composite a good interpenetration. The degradation rate of the Mg-TCP composite displays lower value compared to the one of pure Mg during the first 24 h of immersion test.
Introduction
Recently new types of metallic and calcium phosphate biodegradable composites are gaining attraction for the fabrication of osteosynthetic implants [1] [2] [3] . The driving force is to increase the mechanical strength of the calcium phosphate, without scarifying its degradability and osteoconductivity [4, 5] . Among the different biodegradable metals available, magnesium appears as the best alternative due to its good tolerance in human body, its osteogenic effect and mechanical properties similar to the human bone [6] [7] [8] . Nevertheless, the degradation rate of pure magnesium is faster than bone regenerative capacity and several works are focused to increase its corrosion resistance in biological environment [7, [9] [10] [11] [12] . On the other hand, calcium phosphates, such as hydroxyapatite (HA) or tricalcium phosphate (TCP) have been widely investigated and used as bioactive materials [5, [13] [14] [15] . The bone regenerative capacity of calcium phosphates is considerably improved by the incorporation of macro-pores in their structure [16] . Because of this, several works have been devoted to fabricate macro-porous calcium phosphate materials [17] [18] [19] . Recently additive manufacturing methods have been also explored for such aim [20] [21] [22] . Among the different tested methods, the direct ink writing or robocasting is one of the most promising alternatives [20, 23] . In this process, an ink based on the powder of the material of interest is prepared by the incorporation of a binder material, mainly a polymer. Afterwards the ink is placed into a syringe and loaded in the robocasting device which controls the displacement of the syringe to print a desired pattern previously designed in silico. HA and TCP structures with controlled porosity can be produce with robocasting [10, [24] [25] [26] . However, the main drawback of porous calcium phosphates is their low mechanical strength and toughness due to their ceramic nature. This impairs their application in treatment of bone defects under loadbearing conditions. Different methods have been developed to produce magnesium-calcium phosphate composite materials that overcome this problem. For example, common powder metallurgy routs are used to produce particle reinforced composites, with either magnesium or calcium phosphate matrix.
A high-performance type of composites are the interpenetrated composites. In those materials, both the matrix and the reinforcement form a continuous three-dimensional network in the material [27] . Most of the interpenetrated composites are fabricated by metal infiltration of the porous ceramic preforms [28, 29] , having as a limitation the mechanical strength of the preform because nearly all of those techniques apply high pressure to ensure the infiltration of the metal in the porosity of the ceramic [29] .
In the present work, a new pressure less infiltration method is explored. The process named current-assisted metal infiltration (CAMI) uses the principle of spark plasma sintering [30, 31] to melt magnesium under vacuum, and after melting liquid magnesium infiltrates the ceramic preform by gravity. The process has the advantage of the fast heating rate of the material due to pulsed electric current discharges, allowing infiltration in a few minutes. In addition to the introduction of this novel infiltration technique, this work presents the advantage of robocasting to produce TCP preforms with well-controlled, reproducible and well-defined architecture. The chemical and structural characterization of the interpenetrated composite is performed and its degradation rate under simulated physiological conditions is studied as an initial attempt to use such composite as a resorbable biomaterial.
Materials and Methods

Direct Ink Writing of Tricalcium Phosphate
Commercial TCP powder (VWR Chemicals, Belgium) and 30% w/w Pluronic F-127 (Sigma Aldrich, Germany) solution in distilled water were homogeneously mixed in a liquid to a powder ratio of 0.6 g of Pluronic solution per gram of TCP powder, in order to produce the ink for robocasting. The ink was loaded into a commercial syringe (Optimum Ò syringe barrels, Nordson EFD) and placed in the printing head of a direct ink writing system (Pastecaster, Spain). Immediately, cylindrical porous preforms with 7.5 mm in diameter and 15 mm in height were printed in the air at room temperature at a speed of 8 mm/ min using tapering tips with an internal aperture of 250 lm. The final samples presented pores of 350 lm, formed by the distance between adjacent TCP filaments on the same plane (distance from filament surface to filament surface). Filaments were orthogonal between adjacent planes to form a parallel grid.
After manufacture, the preforms were dried at room temperature for 24 h and placed into a furnace (LH30/13, LAC, Czech Republic), to be sintered at 1100°C during 5 h. While the chemical composition of the preforms was determined by X-ray diffraction (XRD; Rigaku SmartLab 3 kW) using Cu-radiation, the microstructure was observed by scanning electron microscopy (SEM; LYRA3 XMU, TESCAN) in samples previously coated with carbon to prevent electrical charging during observation.
Current-Assisted Magnesium Infiltration
Five grams of pure commercial magnesium powder (Riedel-de Haën S030195, Germany) were pre-compacted at 7 kN at room temperature to obtain a green disc of 20 mm in diameter. Afterwards, the magnesium discs were placed inside a graphite die designed for infiltration. Briefly, the die was 5 mm in external diameter and 5 mm of length. The top part of the die had an inner diameter of 20 mm, where the magnesium pre-compacted disc was placed, and the bottom part had an inner diameter of 10 mm, where the TCP preform was placed. The bottom aperture of the die was sealed with a graphite lid that worked as a bottom punch for conducting the electrical current. In the top part, the die was sealed with a 20-mm punch protruded from the die. The infiltration of magnesium was performed in a spark plasma sintering apparatus (SPS, Dr. Sinter 1050, Japan), using the CAMI variant of the technique. After placing the die set into the equipment, the electrical circuit was closed applying a constant mechanical load of 1 kN. Due to the design, the mechanical load was supported by the die instead than the TCP preform. Then, the melting of magnesium and the infiltration were performed by heating the die at a heating rate of 100°C min -1 to 670°C and 1 min of dwell time under vacuum. The heating was achieved by applying a direct electrical current discharge at on-off cycles of 12 and 2 ms, respectively. The final cylindrical samples had dimensions of 10 mm in diameter and a variable height of around 20 mm.
For the microstructure observation and phase composition characterization, samples were longitudinally cut and polished with SiC abrasive paper and diamond suspension till 1 lm finish. The microstructure was analysed by SEM and energy-dispersive X-ray spectroscopy to see the elemental distribution of the phases and to determine any phase transformation or reactions between the ceramic and metallic phases. The crystalline phase composition of the composite was determined by XRD.
In Vitro Degradation Test
Infiltrated samples were cut into discs of 10 mm in diameter and 2 mm height to perform the in vitro degradation test. The discs were polished until 2400-grit SiC sand paper, cleaned with isopropanol, dried in air and immersed in saline solution (0.9 wt% NaCl in distilled water) at 37°C. The volume of saline solution used for the test was fixed to maintain a sample surface-to-volume ratio of 9 mm 2 ml -1 . As reference material, magnesium discs were cut from a commercial pure magnesium bar (99.9%, 12.7 mm in diameter, MG007924, Goodfellow, UK). The degradation of the samples was monitored at 3, 6, 12, and 24 h. After each time, the formed corrosion products were removed by treating the corroded disc with chromic oxide and silver nitrate solution (ISO 8407:2009(E)). The weight change was registered. Then, the degradation rate (DR) was determined in mm year -1 by the following equation:
where DW is the weight change in g after the immersion time; S stands for the surface area of the disc sample in cm 2 ; s is the immersion time in saline solution, expressed in h; and q is the bulk density of the specimens in g cm -3 (average value of 1.76 ± 0.04 g cm -3 for the composite and 1.74 g cm -3 for pure magnesium).
Results and Discussion
Robocast TCP preforms with a parallel grid structure and macro-pores of 350 lm can be observed in Fig. 1a . The microstructure of the sintered filaments is presented in Fig. 1b . The filaments present the typical microstructure of sintered TCP ceramics with small micro-pores, with average size below 2 lm and homogenous distribution. XRD (Fig. 1c) confirms the purity of the preforms, presenting only the diffraction peaks for TCP phase. After conventional sintering, the preforms were infiltrated with magnesium using the newly developed CAMI technique. After extraction from the die, the samples had the shape of a screw with a diameter in the thinner part of 1 and 2 cm of diameter in the head (Fig. 2a) . The head consisted basically of excess of magnesium used for infiltration. In contrast, the thinner shaft of the sample contains the infiltrated preform in the tip and excess of magnesium close to the head. It is important to underline that the excess of magnesium is important to prevent that pores due to magnesium solidification appear inside the preform.
After cutting, the sample was observed that magnesium penetrates all the macro-pores in the TCP preform (Fig. 2b) , forming a continue matrix that envelops the TCP filaments. This is a significant advantage for the mechanical properties of the material, because the metallic component can toughen the ceramic component, driving to an improved mechanical strength [32] .
The microstructure of the Mg-TCP composite revealed two main components (Fig. 3a) . One phase is the TCP ceramic meanwhile the second phase is the metal. Detailed observation of the metallic component revealed that it is composed by magnesium and Mg-Ca precipitates (Fig. 3b,  d ) that according with EDX have a chemical stoichiometry equivalent to CaMg 2 . The presence of the Mg-Ca intermetallic was corroborated by EDX in Fig. 4 , where the elemental mapping analysis shows the presence of calcium in the magnesium phase where the intermetallic microstructure of CaMg 2 is located. Moreover, some porosity was observed in the samples after their metallographic preparation (Fig. 3a) . Pores in the position of the intermetallic are attributed to spallation of the intermetallic from the magnesium matrix during metallographic preparation of the samples. This is based on the fact that the porosity has the same shape and is aligned to the intermetallic microstructure, as it can be observed in Fig. 3d . One possible explanation for the formation of the intermetallic is the partial release and dissolution of calcium in the molten magnesium during infiltration. In fact, magnesium can dissolve up to 1.34 wt% of Ca (at 789.5 K) according with the Mg-Ca binary phase diagram [33] . It has been reported that the invariant reaction in the Mg-rich region occurs at 10.5 ± 0.5 at.% Ca and at 790 K [34] , then it can be easily expected that the CaMg 2 eutectic phase is formed during the heating and infiltration process.
The ceramic component shows the infiltration of magnesium even inside the micro-pores of the TCP filaments (pores below 2 lm), referring to a good infiltration process (Fig. 3b, c) . The presence of magnesium inside of the TCP filaments is corroborated by EDX in Fig. 4 . Nonetheless, the TCP filaments still present some closed porosity as it can be observed in Fig. 3c .
In Fig. 5 , XRD shows that the crystalline structure of the filaments was TCP. This means that although some dissolution of calcium into magnesium was observed, the TCP crystalline structure was preserved. It might be expected that the loss of calcium atoms from TCP could lead on the partial phase transformation or decomposition of the TCP; however, no characteristics peaks of other phases were recognized by XRD (Fig. 5 ). This is a signal of no chemical reactions during infiltration although the high reactivity of magnesium. Nonetheless, it is probable that ionic diffusion occurred during sintering leading on the substitution of calcium with magnesium in the TCP crystalline lattice. In fact, magnesium is considered as a stabilizer of the beta phase of TCP [35] . Furthermore, Mg-TCP interface seems to be well defined, as it can be appreciated in all the micrographies in Fig. 3 . XRD analysis of the Mg-TCP composite confirmed the existence of CaMg 2 observed by SEM (Fig. 5) . Besides, although the infiltration and heat treatment were carried out under vacuum, a partial oxidation of magnesium was observed by XRD (Fig. 5) . Figure 6a shows some of the composite samples for the degradation test in saline solution. Figure 6b shows a Mg-TCP disc with corrosion products after 24 h of immersion, while in Fig. 6c , the same sample after removal of corrosion products can be observed. The estimated degradation rates in mm year -1 are shown in Fig. 7 . Results show that for pure magnesium, after 6 h in saline solution, it presents the highest DR (135.6 mm year -1 ), meanwhile for the composite, the highest value is registered after 3 h (40.8 mm year -1 ). Afterwards, for both materials, the DR decreases till reaching the lowest rate after 24 h of immersion, being a final value of 52.4 and 12 mm year -1 of DR for pure magnesium and for the composite, respectively (Fig. 7) . The reduction in the DR is attributed to the formation of a MgOH layer on the surface of the samples which impair sample corrosion [33, 36] .
The DR within the first 24 h revealed a higher degradation rate for pure magnesium in comparison with the Mg-TCP composite (Fig. 7) . Therefore, the infiltration of TCP with magnesium significantly reduced the DR of the material. Nonetheless, the DR of the composite continues being outside the required value for functional treatment of bone defects [37] . Calcium phosphate coatings are proposed as a further approach to improve the corrosion resistance of the composite [38] [39] [40] . In addition to the less magnesium surface exposed to the liquid environment, the reduction in the DR of the composite can result from the formation of the CaMg 2 intermetallic, because generally, magnesium alloys are investigated for decrement in the degradation rate of magnesium. Mg-Ca alloys have been studied for such approaches [9] [10] [11] [12] 33] . On the other hand, galvanic micro-corrosion can be expected between intermetallic and magnesium, due to their potential difference; nevertheless, due to the faster formation of the protective layer when Mg-Ca alloy is present, it might be one of the reasons why in the composite the DR is lower than the one for pure magnesium [33, 41] . accordance with the literature, the DR of magnesium-based materials under isotonic saline solution at 37°C is followed by a decrease in the corrosion rate as the time is increasing. The obtained interpenetrated composite has shown a degradation rate around 3 times slower than the one for pure magnesium. 4. As DR is a main concern in the application of magnesium-based implants, several strategies must be essayed to decelerate the degradation rate and therefore to guarantee the necessary mechanical properties during the bone healing time. TCP scaffolds infiltrated with high corrosion resistant magnesium alloys could be a good alternative to face this problem. 
Conclusions
